The subject of this paper is the control possibility of the multiphase cage induction motors having number of phases greater than 3. These motors have additional properties for speed control that distinguish them from the standard 3 phase motors: operation at various sequences of supplying voltages due to the inverter control and possible operation with few open-circuited phases. For each supply sequence different no load speeds at the same frequency can be obtained. This feature extends the motor application for miscellaneous drive demands including vector or scalar control. This depends mainly on the type of the stator winding for a given number of phases, since the principle of motor operation is based on co-operation of higher harmonics of magnetic field. Examples of operation are presented for a 9-phase motor, though general approach has been discussed. This motor was fed by a voltage source inverter at field oriented control with forced currents. The mathematical model of the motor was reduced to the form incorporating all most important physical features and appropriate for the control law formulation. The operation was illustrated for various supply sequences for "healthy" motor and for the motor operating at one phase broken. The obtained results have shown that parasitic influence of harmonic fields interaction has negligible influence on motor operation with respect to the useful coupling for properly designed stator winding.
Introduction
The multiphase cage induction motors, with number of stator phases M > 3, have features distinguishing them from the standard 3-phase motors and allowing for specific control methods. The stator M-phase winding shown in Figure 1a has the number of pole pairs p = 1 and is composed of short-or full-pitched groups of coils. This multiphase winding must be supplied by a multiphase voltage-or current source. Theoretically this can be the M phase system of sinusoidal voltages or currents. In practice the supplying device is a power electronics converter -the practically useful device is a voltage source inverter (VSI) − Figure 1b . It can Fig. 1 . Connection of an M-phase winding to an M-phase supply system, a) symbolic M-phase winding distribution and the supply system, b) voltage source inverter supplying the M-phase stator winding of the motor operate at both modes as a voltage or a current source. The current source inverter has not been considered, though it offers other control possibilities for shaping the output voltages and currents. Number of phases greater than 3 gives the possibility for supply with different sequences of voltages at a variable or a constant frequency. This can be explained using sinusoidal voltages (1) supplying M stator phase windings of the motor. The supply sequence is determined in (1) by numbers m = 0, 1, 2, 3,..., M − 1. . (1) Each m causes the other mutual phase shift of the voltages as a multiple of . / 2 M π So, the motor can be supplied with M different M-phase sets of symmetrical voltages having the same frequency and amplitude. The k-th voltage source ]
is connected to the k-th winding (k = 1, 2, ..., M).
For example the 3-phase motor (M = 3) can be supplied with 3 sequences m = 0, 1, 2. For m = 0 all voltages e 1 , e 2 , e 3 are in phase assuming the same value. This is so called "zero" sequence. For m = 1 we obtain so called "positive" or "forward" 3-phase sequence and for m = 2 the "negative" or "backward" sequence. Thus, we have 3 sets of 3-phase symmetrical systems that can supply a 3-phase winding, from which the last two sequences are only useful. They allow for both directions of the motor speed. For m > 3 there are more sequences.
To illustrate the effect of phase shift between the phase voltages the star diagram of phasors representing voltages (1) in the reference frame (x ! y) rotating at the speed The stars of phasors, shown in Figure 2 , are symmetrical and the number of representing arrows is equal to M. At a given m the assignment of voltages e 1 , e 2 , ..., e M to the respective phasor has been shown between the dashed circles. So, it means that the angle shift between voltages supplying subsequent stator phase windings is a multiplication m of . / 2 M π For example when M = 5 the operation at the sequence m = 4 is opposite to the operation at m = 1. The operation at m = 3 is opposite to that with m = 2. The zero sequence phasor is only for m = 0 and 5. The same rule can be observed for the next phase numbers M = 6 and for M = 9.
For example at M = 6 the sequence m = 3 appears as two "zero sequences" supplying both the 3-phase windings constituting the 6-phase system, whereas for M = 9 the sequence m = 3 means that the motor operates as the 3-phase one with phase windings (1, 4, 7) , (2, 5, 8) and (3, 6, 9) connected in parallel. As it was defined in [8] the multiphase stator windings can be divided into two types. Both of the types differs each other with spatial harmonic orders of resultant magneto motive force (MMF):
The number S assumes two values: S = 1 indicates the winding of the first type, and S = 2 is relevant to the second type winding. The winding of the first type produces MMF containing odd and even harmonics, whereas the winding of the second type only odd harmonics. This depends on the structure of the winding and is valid for every coil shape. For the first type winding the harmonic numbers are ν = 1, 2, 3, 4, 5,..., whereas for the second type ν = 1, 3, 5, 7, 9,.... The first M −1 harmonics are the most important.
Supplying the stator winding at the sequence m and the frequency f s the main rotating field with the number of poles 2mp is created [8] , where p is the number of pole pairs specific for the winding design. Thus, different no load speeds of the motor can be obtained. The number of these speeds for one direction is given by m M (2) . The forward sequences m = m (+) give the following no load speeds:
The backward sequences m = m (−) give the opposite no load speeds: (5) Usually the multiphase winding should have p = 1 to obtain the slot number per pole and phase not lower than 2.
When M is divisible by 3, then at the sequence number 3 / M m = the multiphase motor operates as the 3-phase one where the phase coils are connected in parallel ( Fig. 2 for M = 6 and M = 9). E.g., the 6-phase motor can be considered as the 3-phase one with switched stator winding giving two numbers of poles for m = 1 and m = 2.
Mechanical characteristics of the motor depend on the stator winding design. So, for the two types of them two different families of the characteristics can be obtained ( Fig. 3 ). Every supply sequence, denoted by m, is responsible for the respective curve. All the characteristics in Figure 3a are given for the same frequency f s , the same amplitude of supplying voltage and differing m. The characteristics in Figure 3b are also for the same frequency but for the voltage diminished proportionally to m. So, the characteristics from Figure 3a are suitable for the loading torque T L assuring approximately constant mechanical power, whereas the characteristics from Figure 3b are better for the fan type loading. The points between the curves are available due to the control of supplying voltage and frequency.
When the multiphase motor has sinusoidal distribution of phase windings, it can operate only at m = 1 and m = M − 1. Such a winding does not produce higher harmonics of the magnetic field and number of poles is always 2p independently of the supply sequence. The no load speed is then:
The work at different sequences and regulated frequency gives new possibilities for vector, scalar or direct torque control. Lower speeds for the motor with the stator winding of the first type (S = 1) can be obtained by increasing m at constant frequency f s and voltage U s . For example the 9-phase motor (S = 1) has the greatest no load speed Ω 0(+)1 for m = 1. For m = 4 the no load speed is four times lower Ω 0(+)4 = Ω 0(+)1 /4. Similarly, the 9-phase motor with the second type winding (S = 2) can reach even a lower speed Ω 0(+)7 = Ω 0(+)1 /7 for m = 7 and the same frequency as for m = 1. However, the amplitude of voltage must be regulated for this kind of winding. The voltage must be diminished practically seven times to set the magnetising current on the adequately low level. For the first type winding this current is proportional to m 0.5 and for the second type it is proportional to m 2 [10] . This explains the shapes of the mechanical characteristics in Figure 3 . The curve for m = 7 has not been shown in Figure 3b as practically usefulness. The described practical applications of the multiphase induction motors e.g. [1, 2, 18, 19, 22, 24, 28, 30] were limited in most to the motors with 5 and 7 stator phases having only the stator winding of the second type (S = 2) and operating only at m = 1. There were considered sinusoidally distributed winding or concentrated windings with symmetrical poles. Here must be noticed that the short-pitched concentrated windings with asymmetrical poles belong to the mentioned above the first type windings (S = 1). However, this case has not been analysed in the cited papers. The mathematical models of the multiphase machines take into account only the first few higher harmonics of MMF [14, 18, 22] for the machines with concentrated windings and a concrete number of rotor cage bars [22] . So, some phenomena connected with parasitic interaction of space harmonics and the supply harmonics cannot be considered. The generalised approach, taking into account the mutual influence of number of phases M, MMF harmonics, the stator winding-and the rotor design, was presented in [10] .
As it was mentioned above the multiphase windings of the second type (S = 2) are disadvantageous for control with variable supply sequence, since regulation of supplying voltage with respect to the sequence number m is necessary. However for operation with one chosen sequence the winding can be designed optimally to obtain, e. g. the greatest torque at the lowest energy consumption. This case is met by the sinusoidal windings designed to operate at the first supply sequence [1, 2, 18, 19, 24] . The design experience of the 3-phase induction machines can be applied then to the M-phase motors.
Historically, the influence of supply with two voltage sequences was analysed in early paper [23] for the 5-phase motor. This change of sequence was realised there by winding switching. The 3-phase induction motor with switchable Dahlander's winding can be considered as the 6-phase motor with switched supply sequence (Fig. 2b) . The so called dual 3-phase induction motor, with two sets of three phase stator windings spatially shifted by 30°(el.) [19] , cannot be regarded as a 6-phase motor and it can operate only at the sequence m = 1. The first approach to the switching between mechanical characteristics due to change of voltage supply sequence of the 7-phase motor was published in [26] . The motor had there the stator winding of the first type (S = 1).
Comparing the multiphase motor to the 3-phase one the difference appears in possible work of the multiphase motor with a few open-circuited phases. The 3-phase motors connected to the three-phase source can operate only at m = 1 and m = 2 for both speed directions. The break in a phase after motor starting causes switching off the motor. The multiphase motor with such a damage has a starting torque and can operate under frequency control. Such damages can be caused by breaks in the supply system (e.g. a damage of inverter) or by opencircuited motor phases [1, 6, 7, 10, 11, 15, 30] .
In this paper the principle of vector control specified for the multiphase motors operating in variable speed drives is presented. It was initially presented in [13] . The formula describing the electromagnetic torque was simplified to the case of sinusoidal winding with the fundamental MMF harmonic ν = m for a given supply sequence m. Thus, the control system structure was based on this simplified model. However, this control was applied to the drive model where the multiphase motor was represented by the mathematical model pretending the real machine with interaction of higher harmonics of magnetic fields.
The multiphase motors have found application in locomotive traction [11, 12, 20, 27] , electric ship propulsion [16, 29] and the aircraft equipment [3] . However, the motors can be more attractive for traction drives and electrical cars since the switched supply sequence gives a similar effect as the switched mechanical gear-box for the loading torque. However, the supply sequence does not change the moment of inertia reduced to the motor shaft as it occurs with the real gear-box. These equations must be supplemented with the simplest mechanical equation at least: (7) Electromagnetic torque takes the form as for all electrical machines:
Vectors of stator phase voltages U s1 and the phase currents I s1 have the same dimension M. Vector of rotor currents I r1 has dimension N equal to number of rotor cage meshes treated as shorted rotor phases. The matrices of stator resistances R s1 and leakage inductances L σs1 are usually diagonal (when neglecting mutual coupling between phases due to leakage fluxes). The matrix of rotor resistances R r1 and the matrix L σr1 of rotor leakage inductances incorporate self and mutual elements among adjacent cage meshes. The matrices of leakage inductances are included into main stator and rotor inductances L s1 and L r1 . The most important is matrix M sr1 of mutual inductances between stator and rotor circuits, since main features of the motor are coded in this matrix depending on the rotor rotation angle ϕ. Every self and mutual inductance in M sr1 is a sum of harmonic inductances depending on number of field harmonics taken for account. Parameters of such a model were developed and published in [10] .
The transformation to symmetrical components, separately for the stator and the rotor vectors, gives two profits: the natural variables become space vectors represented by appropriate symmetrical components and the set of equations takes a useful structure allowing for the control law. This transformation acts as a kind of mathematical filter separating equivalent circuits for groups of harmonics and allowing for transformation to rotating reference frames.
The transformation matrix for the stator and rotor variables takes the following form: After this transformation the vector of stator voltages takes the form:
, , , (10) Similarly is for the vector of stator currents I s2 . The symmetrical components (12) After the transformation to symmetrical components the motor equations have the following form: (13) The matrices R s2 , R r2 , L s2 , L r2 are diagonal. The dimension of matrix M sr2 is M × N and this matrix is generally fulfilled. Its parameters are dependent on the rotor rotation angle ϕ.
Each element of this matrix lying in row W and column K depends on the set of field harmonic orders H WK relevant to this strictly determined place. Because of Euler's identity the set H WK contains positive and negative numbers ν. Thus, for all harmonics appreciating the MMF the same amount of positive and negative harmonics must be considered. So, the mutual inductance is described by the formula: 
To formulate matrix M sr2 a table of relevant harmonic orders is sufficient. For the 9-phase motor this table has been shown below as an example. For simplicity only the lowest harmonic orders belonging to H WK are presented there. They are the most important. In spite of that the matrix has 251 non-zero elements. Main features of the multiphase motor depend on dominant harmonics depicted in dark patches of the table.
When the motor is supplied with sinusoidal voltages at a sequence m, the voltage vector (11) of symmetrical components has only two non-zero elements in rows W = m and M − W = M − m (12). This means that only two stator equations, mutually conjugated, are forced with non-zero voltages. The remaining are supplied with a zero voltage together with the rotor equations. It means these equivalent circuits are shorted and they are supplied due to magnetic coupling. Analysing the example presented in Table 1 nally for the parasitic torque components. For specifically designed stator winding their influence can be significantly suppressed [8] . Going on there are also motors that can not start in rush at some sequence m and at any frequency f s because of interaction of higher field harmonics producing asynchronous torques. Such a real case was presented in [10] .
The voltage vector (11) is sufficient, since both the equations are conjugated and they carry the same information. Hence, the reduced mathematical model for sinusoidal multiphase supply assumes the same form as for the mono harmonic 3-phase cage motor described in the stationary reference frame (α-β): (17) . ; The spectrum of spatial harmonics (2) can be limited to the maximum number ν max = m M . The equations have now the same structure as equations describing the monoharmonic induction motor with the number of pairs of magnetic poles equal to mp instead of p.
All known control methods can be applied here for operation at a given sequence number m. However, it must be noticed that some model parameters (main inductance and rotor parameters) change their values with respect to m and the actual motor is influenced with harmonic fields interaction.
Transformation of the variables to the reference frame (d (m) -q (m) ), attached to the rotor flux vector ) (m r ψ , means that for every m individual transformation must be performed ( Fig. 4 ). For this reference frame the electromagnetic torque takes the following form: (Fig. 3a) . Fig. 4 . Vectors in the stationary reference frame (α-β) and in the individual reference frame (d (m) -q (m) ) for a given supply sequence number m
In practice the multiphase motor is not supplied sinusoidally, e.g. from the VSI. The voltage vector takes the form: 
In the above: κ − harmonic order of the supplying voltage belonging to the set H κ = {± (2n -1); n = 1, 2, ...}, E s,κ − voltage amplitude for harmonic order κ, s ϑ -phase argument as for (1) . κ th time harmonics result from a "nature" of supplying unit or can be injected specifically to influence the machine. (22) Expression (21) indicates that all symmetrical components of non-sinusoidal supplying voltages are non-zero. The fundamental harmonic for κ = 1 is dominant. In contradiction to sinusoidal supply the remaining symmetrical components for W ≠ m excite additional current components. For example, applying additional harmonic κ = 3 for a 5-phase motor (M = 5) at the supply sequence m = 1 causes a strong magnetic field component of sequence κ⋅m = 3 rotating in opposite direction with a half of the no load speed as for m = 1 -see Equations (4) and (5) . This third harmonic is profitable for the 3-phase motor fed by a VSI, whereas for the 5-phase one is injurious. However, injection of the opposite third harmonic κ = !3 gives the similar strong field component of sequence M + κ ⋅ m = 2 rotating in the same direction as the field component for m = 1. So, it supports the fundamental field enlarging the electromagnetic torque of the motor. The motor operates then as supplied with the first-and the second sequence together. The injection of harmonic current components can be considered similarly for the motors with other number of phases. The harmonics of order m M k / ⋅ = κ , k = 1, 2,... cause zero sequence symmetrical components of supplying voltages. It must be noticed here that the interaction between the time and space harmonics is determined by magnetic coupling between circuits for all stator and rotor symmetrical components expressed by the stator-rotor matrix M sr2 . The higher harmonics of supplying voltages cause electrical coupling between equations for all symmetrical components. The motor should be designed to assure the strongest magnetic coupling for space harmonics ν = m (+) . Hence, the sinusoidal PWM for the sequence number m = m (+) justifies the simplified model for the drive control law.
Control system and drive operation

Description of the control system
Similarly as for the 3-phase motors, the field oriented control of the multiphase motor can be performed using current or voltage control. The structure of the control system in the rotor flux oriented reference frame (d (m) -q (m) ) results from Equations (16) - (20) . The difference between the 3-phase motor and the M-phase one appears only in adaptation to the sequence control and the operation at open-circuited phases. For the control with forced phase currents the structural scheme is presented in Figure 5 (23) where E dc is the measured dc-link voltage.
Block T1 realises the following operation:
. cos sin sin cos Blocks T2 and T3 realise mutually reverse operations. This is the transformation from phase quantities to α-β components or vice versa. Additionally, selection of the components appropriate for the sequence m is superimposed on this transformation. The remaining com-ponents are eliminated since they are not useful for control even if they are not equal to zero. This selection is performed in block S.
The transformation of phase currents and phase voltages to the α-β components in T3 is described by the following formula:
,..., , , ,..., ,..., ,..., ,
The variables
,..., , 2 1 mean phase currents or voltages where instead of x the letters i or u exist for currents and voltages respectively.
The transformation matrix αβ ph K is a product of two matrices: J S -decomposition matrix and C (M − 1)× M -matrix of transformation to symmetrical components (9) without the row for zero component. Thus, this matrix is described by the expression: 
In the above the following is valid . ; 
Examples of operation
For the studies the multiphase motor with the parameters M = 9, N = 28, S = 1, p = 1 was taken. The motor had a two-layer stator winding placed in 36 slots and divided into 9 four-coil phase windings of the first type. Stator phase winding resistance and its leakage inductance had values R s = 1.2 Ω and L σs = 11.3 mH respectively. The magnetic core and the cage rotor were taken from the 4-pole, 3-phase motor Sf112M-4 (4.0 kW, 380 V, 50 Hz). The determined rated power of the 9-phase motor was P N = 3.2 kW for sinusoidal supply at m = 2 and the voltage U sN = 95 V r.m.s (the same number of poles at m = 2). Thus, the designed motor had a lower power with respect to the 3-phase one [10] .
Operation of the 9-phase motor drive has been illustrated for starting, arise of loading and the speed reverse in Figures 6 and 7 
Comment
In Figure 6 the following waveforms are shown: ω − motor angular speed, T e − electromagnetic torque, i s1 − current of phase 1, u s1 − voltage induced in phase winding 1, (29) . This signal was used for closed loop flux control in Rψ.
In Figure 7 the waveforms of the first three phase currents for a given m are shown. These waveforms supplement the waveforms from Figure 6 , however they are presented only for the time interval where the motor reverse becomes. Before the reverse the phase shift between the currents i sk and i s(k+1) is 9 2π m and after the reverse this phase shift is To illustrate the possibility of vector control at broken phase currents the waveforms for the motor starting at m = 2 and i s2 = 0 have been shown in Figure 8 . Operation of the motor is worse than those depicted in Figure 6b , though the drive realises the demands. The voltage u s2 induced in the faulty phase has a different shape than the voltages of "healthy" phases. The results have been shown only for breaks caused by the inverter, whereas the open-circuited stator windings have a slightly different effect.
Conclusions
The drives with multiphase cage induction motors offer the following properties comparing to the 3-phase motor drives. $ Low speeds can be obtained at relatively high frequency and voltage for the supply sequence m > 1. A wide range of speed control can be realised at a voltage depth of modulation not lower than 0.45 for the motors with the first type of multiphase winding. $ The change of supply sequence gives the similar effect as the switched mechanical gear.
However, this concerns only the torque and the supply sequence does not change the mechanical inertia according to the transmission ratio. The inverter can be designed for lower currents, since the greater torque (19) at lower speeds can be obtained due to greater m at the same current. This can find application in locomotive traction drives and ship propulsion where high dynamic torques are not demanded [6, 11, 12, 20, 24] . For electric cars the variable supply sequence brings profits due to the mentioned increase of electromagnetic torque. $ The motor can work with no more than (M − 3) open-circuited phases [4, 8, 10, 19] . This is important for fault-tolerant drives (high power industry drives, electric vehicle drives, ship propulsion). $ The control system forcing voltages would be more complicated than this presented in Figure 5 , though it can be more universal having the possibility of switching to open loop control during so called "scalar control". $ The control law presented in this paper has been based on the simplified two-phase motor model for all supply sequences m described by equations (16) (17) (18) (19) (20) . So, for each m the motor is controlled in the same way. Similarly as for the 3-phase motors all sensor-less control methods can be trained as the applications for the multiphase motors. For example the MRAS speed estimator could be implemented in its standard form [16] or the improved one presented in [21] . The successful application of DTC was presented in [24] , though considering a greater number of phases the optimal switching would be more difficult to define [19] . $ The influence of supply sequence on the speed is possible due to interaction of space harmonics of magnetic field. So, the multiphase motor is an example where higher harmonics are useful. However, a strong parasitic interaction of higher harmonics can occur at the motor operation. To decrease this effect the stator winding of multiphase motors must be properly designed regarding the rotor cage [8, 10] . The motor with a sinusoidal winding has no such properties and the supply sequence does not influence the motor speed. $ Designing the multiphase motor with perfectly sinusoidal stator winding we obtain in practice the near-sinusoidal winding requiring more than one slot per pole per phase. This problem becomes more difficult when the number of phases increases. So, the power transferred from the stator to the motor shaft can usually be not greater than for the 3-phase motor of the same dimensions.
